Introduction
Aluminium alloys have been used widely as armor materials due to low density and superior ballistic properties. Several investigations have been made on aluminium alloys against various small and medium caliber projectiles. Even though experimental approach gives most exact results, an iterative procedure involving dynamic material testing and computer modeling may reduce the time and expense required for the development of advanced materials for applications such as armor. The simulated data obtained will be helpful for the purpose of design of products as well as for assessing the mechanism of penetration.
The impact of projectiles on monolithic and multi-layer targets has attracted the attention of many researchers [1] [2] [3] [4] [5] , while developing protective systems against various threat levels. The improvement of multi layer target design is essential for enhancing the resistance of the target and reducing the weight of the target. Many researchers have studied the response of aluminium alloys against various threat levels and loading conditions. Ozsahin [6] investigated the effect of surface coating on the ballistic performance of three aluminium alloys (2024, 6061 and 7075) experimentally. It has been found that zirconium oxide coating enhances the depth of penetration. Palleti et al. [7] carried out ballistic impact experiments on metallic targets to study different mechanisms of energy absorption. The analysis comprises plug formation and plastic penetration for evaluating velocity and energy of the projectile during impact. Flores-Johnson et al. [8] performed numerical investigation of layered metallic plates impacted by 7.62AP projectile. FEM code LS-DYNA was used to develop numerical model. It was observed that single layer plates had superior ballistic resistance than multi layered plates. Gupta et al. [9] conducted ballistic experiments on aluminum targets by various shapes of steel projectiles. Different failure mechanisms like plugging, tearing and thinning of target plates were discussed. ABAQUS FEM code was employed to perform numerical modeling. Jena et al. [10] investigated the penetration mechanism of metal-metal and metal-fabric layered structures against 7.62 armor piercing projectiles. Failure and fracture mechanisms of the samples were studied by using electron microscopy, X-ray radiography and hardness measurements. Borvik et al. [11] performed gas gun experiments on weldox 460E steel plates against different nose shape projectiles to determine residual velocity and energy absorption of target plate. It was observed that the nose shape of the projectile had influence on the energy absorption mechanism of the target plate. Gupta et al. [12] studied the effect of normal and oblique impacts of hard core projectile on single and multi-layered targets.Relations were established between residual velocity of the projectile and hardness of the target materials. Wei [13] et al. performed impact experiments on monolithic and layered metal plates to evaluate the ballistic performance using gas gun by blunt rigid projectiles. The effect of air gap between layers and thickness was also studied. The ballistic performance of monolithic plates was found to be superior to layered plates. Deng [14] et al. investigated the ballistic performance of layered steel plates impacted by ogive nosed projectiles. The influence of air gap between layers, order and thickness of layers on ballistic performace of targets was also discussed.
The available literature has so far dealt with modeling of impact on single and multiple layered target plates for different projectile nose shapes at various impact velocities. No attempt has been made to undertake the numerical modeling of perforation of in-contact and spaced type multi layered plates against hemispherical nosed projectiles impacted at oblique angles. The main objective of this research is to present the numerical modeling aspects on perforation of Al 1100 target of in-contact and spaced type layered configurations against hemispherical nosed projectiles at 0 0 ,15 0 and 30 0 impact angles. Effect of important parameters such as element size and aspect ratio on the numerical results was also investigated. The variation of the deformation of target plates for different configurations from the center of the plates in the radial direction was also discussed.
II. Problem description and model validation
Aluminium alloy 1100 in various configurations of in-contact type and spaced type targets has been impacted by hemi spherical projectiles using numerical simulations. The numerical simulations have been performed using Ansys Autodyn code. The Lagrange processor was used to represent both projectile and target. The Lagrangian scheme in numerical simulation requires an artificial technique to treat large deformation called erosion technique. Degenerated cells were eroded at an instantaneous geometric strain rate equal to 1.5. Fig.1 depicts the material modeling of target plate against hemi spherical projectile for the target plate. LagrangeLagrange contact impact algorithm was employed between the target and projectile. Residual velocity of the projectile of the plate was evaluated by the simulated data.
The initial element size of each target plate was selected as 1.5 x 1.5 x1.5 mm 3 , of 3 elements along the thickness of each target plate. Meshing of Al 1100 target plate was carried out to obtain exact results within minimum computational time. The aspect ratio of elements was varied from 0.5 to 2.5 ( fig.2 ). Convergence study was undertaken to determine the optimum size of the element for obtaining a proper solution. The number of elements in the target plate was varied from 3 to 8 in the impact region. The target plate was meshed with the above six mesh patterns and impacted by hemi spherical projectile at a velocitity ranges between 110 and 140 m/s. It was observed that the residual velocity of projectile increased up to 6 elements and then it became almost constant ( fig. 3 ). The total number of elements was taken as 6 in the target plate and corresponding element size 0.2x0.2x0.2 mm 3 for all numerical simulations in this investigation. The influence of significant variables such as element size as well as its aspect ratio on the simulation results was also discussed. The influence of friction between the projectile and target was found to be negligible. This was confirmed by taking two values of friction as 0.0 and 0.05 but no considerable difference was noticed in the simulation results.Projectile is modeled with hexahedral meshing. The behavior of the target plate is simulated using Johnson-Cook model [15] [16] [17] [18] and the material constants. Numerical simulations are performed using fine mesh of different mesh sizes for the target plate. Table 1 presentss the layer codes for different layer thicknesses. The hard steel projectile was considered as rigid body with 5436 brick elements. The target plate movement was restricted with fixed boundary condition. Plate deformation, plastic strain, Von-mises stresses and energy absorption profiles were recorded. Velocity in the normal direction to projectile axis is caused by "mushrooming" effect. It is attributed to the lowest yield stress caused large ductility. AUTODYN estimates the energy balance, both kinetic and internal energy steadily reduce as the elements erode. This causes an energy balance error. Energy error found to be large at coarse mesh sizes. Fine mesh or enhancing the value of energy error in the problem definition will alleviate this problem. The hemi-spherical projectile was created with a diameter of 8mm and, the total length of the projectile was 30 mm. Fig. 8 illustrates a finite element model of projectile and spaced type target. "Clamped" boundary condition was applied to the target plate for arresting its movement in all degrees of freedom. Interaction between projectile and the target plate was achieved using the gap interaction technique [20] . The gap size has been set as 0.12mm.
III. Results and discussion
The hard steel projectiles did not fail during perforation and most of the kinetic energy of the projectiles was absorbed through plastic deformation of target plate. Von-mises stress ( fig.4) , plastic strain, and energy absorption profiles were obtained from Autodyn simulations. From numerical simulations of projectile impact on target plates, it is observed that most part of input energy is dissipated through localized plastic deformation ( fig.6 ). The deformation mechanism is attributed to shear formation due to large momentum. The amount of plastic deformation of target gets reduced with the impact velocity. Equivalent plastic strain and vonmises stress in the plate enhanced as the projectile penetrated the plate, and attained maximum values at failure. Peak values of stress and plastic strain were achieved when deformed materials separated from the target plate ( fig.7) . Once failure commenced, the value of the von-mises stress declined. It was also understood that locations of max shear stress and von-mises stress are identical. The ability of energy absorption of target plate enhances with an increase in the projectile impact velocity and target thickness. The amount of the plastic strain increased with the initiation of penetration. Most portion of the kinetic energy of the projectile was expended in plastic deformation of the target material before perforation ( Fig. 13 & 14) . Following the impact of the projectile the internal energy increases at the expense of kinetic energy of the projectile. The kinetic energy of the projectile is determined by summation of the product of mass and square of nodal velocity. The energy loss is caused due to the deceleration of projectile. Once the front layer is perforated, the next layer has to absorb the residual energy of the projectile by deforming and local bending and converting deformed energy to heat energy. This is due to bending effect which induces an increase of plastic work. For high impact velocity the failure appears quickly without bending effect and in this case the plastic work is lower. It was also observed that monolithic plates showed superior bending resistance compared to other configurations (Fig.5) . At lower thickness 0.15, 1and 1.5mm, the main mode of failure was stretching. Whereas at higher thicknesses 2, 2.5 and 3mm, plug removal through shearing was observed. Bending also contributed to the failure of target plate due to the generation of tensile stresses at the contact region. The ability of energy absorption of aluminuim plate enhances with an increase in the projectile impact velocity and target thickness.
Hemispherical nosed projectile created severe stress concentration. Plastic strain and von-mises stress in the aluminium plate enhanced as the projectile penetrates the plate, and attained maximum values at failure and subsequently maintained constant. The amount of the plastic strain increased with the initiation of penetration. Hemispherical nosed projectile needed more energy because of its less tearing tendency. Most portion of the kinetic energy of the projectile was expended in plastic deformation of the target material before perforation. [19] on triple layered target of different thickness plates of spaced type. The ballistic limit of the projectile was observed to be 48.0 m/s from the numerical study and 46.9 m/s from the experimental investigaton. For the in-contact type triple layered configuration, the ballistic limit of the projectile was found to be 48.0 m/s from the numerical study and 46.9 m/s from the experimental investigaton. The residual velocity of single plate of 3mm thickness was found to be the lowest followed by layered in-contact. The ballistic performance of monolithic target was found to be better at higher velocities than in-contact type target plates. The ballistic resistance of spaced type targets was observed to be less due to small contact force between layers. The ballistic performance of triple layered plates was also influenced by spacing and order of layers. The reduction of spacing from 5mm to 1mm between the layers improved the ballistic resistance substantially due to large interaction force ( Fig.9 & 10) .
It has been found that the maximum amount of the kinetic energy of hemi-spherical nosed projectile is absorbed by global bending and strectching of the target due to higher tensile strains. The amount of plastic deformation has also been found to be significant at higher velocities, which has been verified by the energy profiles obtained from numerical simulations. The bending energy was determined from the following energy balance equation. E bending = E total -E residual -E plastic deformation (1) The variation of the ballistic performance is attributed to the transformation of the failure mode from in-contact type to spaced type configurations. The behavior of target plates during impact is predominantly due to tensile strains, the kinetic energy of the projectile is dissipated as plastic deformation and global bending of the target plate. The deflection of the target plate is found to be higher than the target thickness. From fig.10 , it is noticed that at higher impact velocities maximum deflection of the target plate is found to be less due to the reduction of the time available to traverse the target. An attempt hase been made to present the numerical modeling aspects on perforation of Al 1100 target of in-contact and spaced type layered configurations against hemispherical nosed projectiles at 0 0 ,15 0 and 30 0 impact angles (Fig. 11&12) . Autodyn simulations for aluminium targets were performed at 15 0 and 30 0 obliquity angles as presented in table 2 and 3. Numerical simulations in oblique impact revealed that during perforation of the target the projectile deviated from the straight path. The residual velocity of projectile decreased by 8% and 7% for 15 0 and 30 0 impact angles respectively. It was concluded that obliquity effect in this study had significant influence on the reponse of target. At each angle of impact the ballistic resistance of Monolithic target was found slightly better than that of other configurations. Fig.17 depicts the variation in the deformation of target plates with radial distance from the center of the plate for T1T2T3 configuration. Fig.18 demonstrates the variation in the deformation of the target plate for T3T2T1 configuration.While at each radial distance of from the center of the plate for in-contact target plates, the deformation of target was found to be higher as compared to spaced target plates (Fig.19) .
IV. Conclusions
This paper discussed 2D and 3D finite element models for normal and oblique imact of hemi spherical projectiles on aluminium target plates of in-contact and spaced type configurations. The conclusions are as follows:  The ballistic performance of monolithic target was found to be better at higher velocities than in-contact type target plates. The ballistic resistance of spaced type targets was observed to be less due to small contact force between layers.  The ballistic performance of triple layered plates was influenced by spacing and order of layers. The reduction of spacing from 5mm to 1mm between the layers improved the ballistic resistance substantially due to large interaction force. It has been found that the maximum amount of the kinetic energy of hemispherical nosed projectile is absorbed by global bending and strectching of the target due to higher tensile strains.  Numerical simulations in oblique impact revealed that the residual velocity of projectile decreased by 8% and 7% for 15 0 and 30 0 impact angles respectively. It was concluded that obliquity effect in this study had significant influence on the reponse of target.
At each angle of impact the ballistic resistance of monolithic target was found slightly better than that of other configurations.

The variation in the deformation of target plates with radial distance from the center of the plate is also presented. At each radial distance of from the center of the plate for in-contact target plates, the deformation of target was found to be higher as compared to spaced target plates.  The predicted residual velocities were in good agreement with experimental results. Simulated failure modes of the target plates were compared with experimental results and found well.
The present inverstigation demonstrates that the mechanism of perforation of in-contact and spaced configurations is pretty complex. The deformation mechanism of target plates is not fully analysed. Further reseasrch is essential to understand the deformation phenomena for various configurations of different impact angles. Fig.1 (a) Finite element model of projectile and target (b) material modeling Fig.2 Variation of residual velocity with element aspect ratio Fig.3 Variation of residual velocity with number of elements over the target thickness Fig.4 Perforation stages of spaced type plates impacted by hemispherical projectile at 118 m/s. 
